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Abstract
We update our analysis of precision electroweak measurements using the
latest data announced at Moriond, March 1998. Possible oblique corrections
from new physics are parametrized using the STU formalism of Ref. [1], and
non{oblique corrections to the Zb





formalism of Ref. [2]. The implication of the analysis on minimal SU(5)











The analysis of precision electroweak measurements provides us with one of the few
opportunities to constrain new physics beyond the Standard Model. The eective-
ness of the approach is evident in the prediction of the top quark mass which was
predicted to be around 180 GeV [3] well before its direct measurement some time
later [4].
In the past few years, we have seen a few notable developments in the eld of
precision electroweak measurements. In addition to the ever increasing accuracy of
the LEP and SLD measurements [5], a number of new or updated measurements
have been announced:
 The University of Colorado Group announced a new measurement of the weak
charge of Cesium 133 which improves the experimental error by a factor of 7
compared to their previous measurement [6, 7].







from N deep inelastic scattering, [8] which already improves
on the previous result from CCFR [9] by a factor of 2.
 With the start of LEP2 and new analyses of data from CDF and D0, the error
on the W mass has improved by more than a factor of 2 since the 1996 version
of the Review of Particle Properties. [10, 11]




from ALEPH [12] and A
;e
from L3 [13] are noteworthy, as they shift the






In light of these developments, it is worthwhile to revisit these data in hopes of
assessing the status of the standard model and prospects for new physics.
In this letter, we present the constraints imposed on new physics from exper-
imental data available as of June 1998. In section 2, we restrict our attention to
oblique electroweak corrections and present the results in terms of the S, T , U pa-
rameters introduced in Ref. [1]. In section 3, we analyze the heavy avor observables
from LEP and SLD for possible non{oblique corrections to the Zb

b vertex using the




) oat and t it to the data also.
In section 4, we discuss the implications of our results for minimal SU(5) grand
unication. Section 5 concludes.
2 Constraints on Oblique Electroweak Corrections
The eects of new physics on electroweak observables can be quite dicult to quan-
tify. Given the tremendous success of the standard model in accounting for the
data, however, it is reasonable to restrict our attention by making some simplifying
assumptions. This enables us to describe potential deviations from the standard
model in terms of just a few parameters.
The simplest, but not necessarily comprehensive, assumptions are the following:
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electroweak gauge bosons are the photon, the W

, and the Z.
2. The couplings of new physics to light fermions are highly suppressed so that
vertex and box corrections from new physics can be neglected (with the pos-
sible exception of processes involving the b quark). Only vacuum polarization
(i.e. oblique) corrections need to be considered. Further justications of this
approximation have been discussed in Ref. [1]
3. The mass scale of new physics is large compared to the W and Z masses.
These assumptions let us express the virtual eects of new physics in terms of just

































































) is the transverse part of the vacuum polarization function between
gauge bosons X and Y and the prime represents a derivative with respect to q
2
.
 is the ne structure constant and s and c are shorthand notations for the sine
and cosine of the weak mixing angle. Only the contribution of new physics to these
functions are to be included. The parameters T and U are dened so that they
vanish if new physics does not break the custodial SU(2) symmetry. See Ref. [14]
for a discussion on the symmetry properties of S.
The theoretical prediction for any observable will then consist of all the standard
model corrections to its tree level prediction plus the possible corrections from new





are used as input for the SM prediction, the shift in the  parameter, the




in leptonic asymmetries, and theW mass due to new physics






























































denotes the Standard Model prediction of the observable O.
All other electroweak observables we will be considering get their dependence





. As a result, they only depend
on S and T , while the W mass will be the sole observable which depends on U .
By comparing standard model predictions with experimental measurements, we can
determine the favored values of S, T , and U . The values of S, T and U obtained in
2
this way give a quantitative measure of the potential size of radiative corrections from









yielded S = T = U = 0, then this would mean perfect agreement
between the Standard Model and experiment. On the other hand, non-zero values
of S, T and U would imply either that the experiments prefer the existence of extra









chosen in dening the \reference" Standard model were not optimal.
In table 1, we show the data we will be using to constrain S, T , and U . To
the best of our knowledge, this is a comprehensive set of all precision electroweak
measurements that are likely to have an impact on the analysis. We have excluded
all the heavy avor observables from the present analysis, since the impact of new
physics on these quantities cannot be fully parametrized using S, T and U . We will







































are the eective vector and axial{vector couplings of the


























































are the eective left{handed and right{handed couplings of




















































See Ref. [8] for details.
3
 The weak charge of atomic nuclei measured in atomic parity violation experi-






































At tree level, we have
Q
W
(Z;N) = [Z(1  4s
2
) N ]:





from LEP is that derived from purely leptonic asymme-
tries only. We include both the LEP and SLD measurements in the t with
the quoted errors. Another approach has been taken in Ref. [20]




















. Using this one value in our analysis is equivalent
to using all three with correlations taken into account.
 The value of the W mass is the average of direct determinations from LEP2
[10] and pp colliders [11].
To x the reference Standard Model to which we compare the experimental data,
















) = 0:12 (2.3)
Fitting to the data of table 1, we nd
S =  0:33 0:14
T =  0:14 0:15
U = 0:07 0:22 (2.4)











where rows and columns are labelled in the order S, T , U . The quality of the t
is 
2
= 4:5=(11   3). Compared to the results of the 1996 [24] data, the major
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0:0304 0:0328 0:0030 [15]























80:315 GeV 80:375 0:064 GeV [10, 11]






LEP is from leptonic asymmetries only. TheW mass is the average of LEP2 [10] and






can be found in the Review of Particle
Properties [15]. The SM predictions for the W mass and the LEP/SLC observables
were obtained using the program ZFITTER 4.9 [16], and the predictions for the
other low energy observables were calculated from the formulae given in Ref. [17].
The parameter choice for the reference SM wasM
Z














improvement is in the limits on U : the error has been reduced by more than a
factor of 2. This can be directly traced to the improvement in the value of M
W
.
In Figs. 1 to 4, we show the limits placed on S and T separately by each class
of experiments. The bands in the upper gures represent the 1{ limits placed on
S and T by each observable. Note that there is an overall change in scale between
Figs. 3 and 4. In Fig. 5, we compare the 90% condence limits placed on S and T
by the four classes of experiments we consider, while Fig. 6 shows the limits on S
and T combining all experiments.
We can see from Fig. 6 that the current data favor either a small value of the




). The indications of a light Higgs would be
consistent with low energy supersymmetry, which predicts a Higgs lighter than about





















































Figure 5: Comparison of the 90% likelihood contours from dierent experiments.
68%90%
Figure 6: The limits on S and T : all experiments combined. The arrows show the








) are varied. Red
arrow: M
top
varied from 168.7 to 179.1 GeV [21], Green arrow: M
higgs
varied from




) varied from 128.8 to 129.0 [23].
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In the previous section we excluded heavy avor observables from our analysis, since
in principle there could be corrections to these quantities that cannot be described
solely in terms of S; T and U . In this section, we extend our analysis to include
heavy avor observables. This of course entails additional assumptions beyond those
enumerated at the beginning of Sec. 2: in particular, we now assume:
1. The couplings of light (u; d; s; c) quarks to the Z are dictated solely by the
standard model together with possible oblique corrections from new physics.
2. The couplings of the b to the Z may exhibit additional deviations from the
standard model in the form of \direct" or \non-oblique" corrections; that is
to say, the couplings of the b may receive appreciable corrections from vertex
diagrams in addition to corrections from vacuum polarization diagrams.
These additional assumptions may appear on the face of it to be quite articial,
and indeed they do restrict considerably the class of models that are accurately de-
scribed by our analysis. Just the same, however, these assumptions are valid for a
large class of models. The reason is that the b is the isospin partner of the top, and
hence its couplings can be modied by the mechanism responsible for generating the
large top mass. Indeed, even in the standard model, the b receives \non-oblique"
corrections that are absent for the rst two generations. Appreciable non-oblique
corrections to the b couplings would be expected generically in models with ex-
tended Higgs sectors and in models where the (t; b) doublet is involved directly in
electroweak symmetry breaking.
Measurements of heavy avor observables have shifted somewhat in recent years
as experimental understanding has improved. [27] In particular, an apparent excess
in the partial width of the Z to b quarks has decreased substantially, improving the
comparison between the standard model and experiment. (cf. Figs. 7 and 8.) In
this section we use the latest data [5] to determine how well the standard model
describes the couplings of the b to the Z.

































































Figure 7: Change in the experimental value of R
b
. The Standard Model prediction
is shown by the shaded band.
Figure 8: Change in the experimental value of R
c
. The Standard Model prediction

























. Assuming that only the couplings of the b are signicantly aected by non{






















































































































































































































































































































































































Note that only  
Z
depends on . We will ignore  
Z
in the following since including
it will only place limits on  without aecting the other parameters. We will also
omit all non{LEP/SLD observables since these are expected to have a negligible
impact on the b couplings.























The value of A
b;0
FB
is the measured forward{backward asymmetry of the b with QCD




) used in the




) oat in our t, this should be taken








is not straightforward since it depends on the details of each LEP detector. We




) using the formulae in Ref. [28] and found it










than the systematic error ascribed to A
b;0
FB












The relationship between our parameters and others that have appeared in the
literature is as follows. The parameter 
b



































This denition assumes g
b
R

























































































=  0:006 0:005 (3.14)
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Table 2: The data used for the Zb

b vertex correction analysis. All data are from





for LEP is from leptonic asymmetries only. The
parameter choice for the reference SM was M
Z




















1 0:02  0:49 0:13
0:02 1  0:02 0:70
 0:49  0:02 1  0:07
















of the t was 
2
= 2:5=(10  4).






by the various observables are il-
lustrated in Figs 9 through 12. The bands in Figs. 9 and 10 illustrate the 1   
uncertainties on the various constraints. The 2{dimensional projections of the al-








planes are shown in Figs. 11 and 12.

























) = 0:9 (3.16)











virtually uncorrelated ( 0:02). This correlation stems from the fact that the error
on 
b
was so much larger than that on 
b
, as is evident from Fig. 13. Therefore, some




then the limits on g
b
L




=  0:0020 0:0011: (3.17)















































. The shaded area represents the Standard Model
points with M
top
= 168:7  179:1 GeV, and M
higgs
= 80  1000GeV.
Standard Model
68%90%




. The shaded area represents the Standard Model
points with M
top
= 168:7  179:1 GeV, and M
higgs












. Solid line { 98 data, dotted line {
97 data. The small shaded area around the origin represents the Standard Model
points with M
top
= 168:7  179:1 GeV, and M
higgs
= 80  1000GeV.
It is clear from this analysis that g
b
R
is one of the least well known of the precision




 0:08, the fractional error on g
b
R
quoted in Eq. (3.16) amounts to roughly 15%.



















= 0. Yellow lines represent the 2{loop MSSM predictions with all SUSY
particle masses set to a common valueM
SUSY





, and 1, 2, 3, and 4 TeV from right to left. The thickness of the
lines DOES NOT represent the theoretical error which is much larger.
4 Precision Electroweak Data and Supersymmet-
ric SU(5) Unication
We can also use the results of this analysis to assess the status of supersymmetric





















) = 0:114 0:005 (4.1)



















from supersymmetric grand unication is somewhat high relative to experiment. If,





is somewhat smaller than previously










implies a smaller ratio of g
0
=g at the Z mass scale, and this in turn




) increases with the unication scale, a






















for a few values of the SUSY mass scale, together with the 68 and 90 %























) can be lowered
by threshold corrections to the standard model couplings at the GUT scale. [32]
More detailed analyses of the status of grand unication can be found in the
literature [32]. Our point here is simply to note that the analysis of the previous














turn out to be non-zero.
5 Conclusions
We have reviewed the status of precision electroweak data using the methods of
Refs. [1, 2] to parametrize potential deviations from the standard model. Agree-
ment between the standard model and experiment is quite good. Indeed, all of the
parameters used in our analysis are found (for some choice of standard model pa-
rameters) to be consistent with zero at the 90% condence level, indicating good
agreement between the minimal standard model and experiment.
A few changes relative to previous analyses are apparent: First, the apparent
excess in R
b
reported in 1995 has decreased, and the contraints on U have improved
substantially as knowledge of the W mass has improved. The overall quality of the
t is improved if either the Higgs mass is below our nominal value of 300 GeV, or




) is somewhat larger than our nominal
value of 128.9.
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